Abstract. In matrix-assisted ionization (MAI), analyte incorporated in a small molecule matrix is introduced into an aperture linking atmospheric pressure with the vacuum of a mass spectrometer. Gas-phase analyte ions are spontaneously produced without use of a laser or high voltage. Here we investigate analyte and background ion abundances upon addition of ammonium salts to various MAI matrix/analyte solutions. Regardless of the ammonium salt or matrix used, chemical background ions are suppressed and/or analyte ion abundance improved for basic small molecules, peptides, and proteins. Background ion abundances increase with increasing inlet temperature, but are suppressed with addition of any of a variety of ammonium salts without much effect on the total ion abundances of the analyte ions. However, at lower inlet temperature using the matrices 2-bromo-2-nitropropane-1,3-diol, 1,2-dicyanobenzene, and 3-nitrobenzonitrile (3-NBN), analyte ion abundance increases and any chemical background decreases upon addition of ammonium salt. The improvement in sensitivity using 3-NBN with ammonium salt allows full acquisition mass spectra consuming as little as 1 fmol of ubiquitin. More complete peptide coverage for 100 fmol of a BSA tryptic digest, and increased sensitivity of drugs spiked in urine and saliva were observed after ammonium salt addition to the 3-NBN matrix.
Introduction
M atrix-assisted ionization (MAI), which includes matrix assisted ionization inlet (MAII) and vacuum (MAIV) [1] [2] [3] produces analyte ions having charge state distributions similar to electrospray ionization (ESI) [4, 5] . In MAI, gasphase analyte ions are produced when the analyte in a small molecule matrix compound is exposed to heat [6] and/or the vacuum of the mass spectrometer [2, 3] . Laserspray ionization inlet (LSII) [7] and vacuum (LSIV) [8] are subsets of MAI in which a laser ablates matrix/analyte particles/droplets into the vacuum of the mass spectrometer where ionization occurs, presumably by a similar mechanism as MAI [9] . Solventassisted ionization inlet (SAII) [10] can be considered a MAI method in which the solvent serves as a matrix allowing solution introduction into the inlet by e.g. liquid chromatography [11] [12] [13] .
Comparing MAI operating from atmospheric pressure (AP) to high-vacuum matrix-assisted laser desorption/ionization (MALDI) time-of-flight (TOF) mass spectrometry (MS), to date shows lower sensitivity for MAI, similar to all AP ionization methods, including AP-MALDI [14] [15] [16] [17] . One reason for the lower sensitivity of the AP methods is the high ion transmission of MALDI-TOF mass analyzers having vacuum ion sources relative to AP ionization methods with ensuing losses during ion transfer into vacuum. Nevertheless, the ease of use at AP, low background ions in the low-mass region, and the production of multiply charged ions are distinct advantages of MAI relative to MALDI. In particular, multiply charged analyte ions are useful in extending the mass range of high performance mass spectrometers and enhancing fragmentation for structural characterization [4, 7] .
The discovery of MAI matrix compounds that spontaneously produce ions from small molecules, peptides, or proteins by simple exposure of matrix/analyte sample to the vacuum at the mass spectrometer inlet aperture, without need of applied heat [2, 3] , has considerable potential to further simplify ionization in MS. Recently, several additional MAI matrices that operate at low inlet temperature were reported by the Trimpin group [18] . A characteristic of MAI matrices that work optimally at low inlet temperature is that they sublime in vacuum at room temperature and appear not to contribute to instrument fouling because sublimation provides a self-cleaning mechanism.
It has been suggested that the mechanisms of ionization of MALDI and MAI, at least for nonvolatile analytes, are similar processes involving production of charged matrix droplets, particles, or clusters followed by evaporation or sublimation of the matrix to release gas-phase analyte ions [9] . If this is correct, approaches that have been found to be useful in improving MALDI should also apply to MAI. The addition of ammonium salts to most MALDI matrices reduces the formation of sodium and potassium adducts and has been reported to increase analyte ion abundance for oligonucleotides [19, 20] , phosphopeptides [21, 22] , and lipids [23, 24] . For example, the addition of a 10 mM ammonium dibasic phosphate solution to a matrix/ phosphopeptide sample has been reported to provide a 5-8× increase in analyte ion abundance compared with no salt addition [21] . A similar trend is observed with other ammonium salts such as ammonium citrate and ammonium acetate [22] . Ammonium salts have also been used in tissue analysis providing a 5× increase in the total ion current and improvement of signal-to-noise using negative ion MALDI enhancing imaging of glycerophospholipids, sulfatides, and gangliosides [25] . High concentrations of ammonium salts have also been used in ESI for the analysis of protein complexes, preventing protein unfolding and maintaining the complexes intact, allowing so called native MS [26] [27] [28] . Certain ammonium salts also remove cation adduct formation in ESI [28, 29] .
Here we report a systematic study using 2,5-dihydroxyacetophone (2,5-DHAP) and three recently discovered MAI matrices [18] , [2-bromo-nitropropane-diol (bronopol), 1,2-dicyanobenzene (1,2-DCB), and 3-nitrobenzonitrile (3-NBN)], combined with various proteins, peptides, and small molecules as analytes with and without addition of ammonium salts.
Experimental

Materials
HPLC grade acetonitrile and water, the analytes: angiotensin I, angiotensin II, bradykinin, ubiquitin, insulin, lysozyme, BSA tryptic digest, polyethylene glycol (PEG), hydroxychloroquine (HCQ), progesterone, and the matrices: 2,5-DHAP, 3-NBN, bronopol, and 1,2-DCB were purchased from Sigma Aldrich (St. Louis, MO, USA). The salts tested as additives to the matrix and analyte were ammonium acetate, ammonium benzoate, ammonium bicarbonate, ammonium citrate, ammonium chloride, ammonium fluoride, ammonium tartrate, and ammonium phosphate (dibasic) from Baker Scientific (Pittsburg, PA, USA).
Instrumentation
Experiments were performed in the positive ion mode on an Orbitrap Exactive (Bremen, Germany), with the Ion Max source housing removed and the interlocks defeated to allow direct access to the inlet of the instrument. When using 2,5-DHAP as a matrix, the inlet transfer tube was heated to 350°C, and when using bronopol, 1,2-DCB, and 3-NBN as matrices, the transfer tube was heated to 75°C. When the inlet tube temperature is 350°C, the exterior surface of the inlet and surroundings are hot and leather gloves are worn to prevent potential burns. The instrument parameters were tuned automatically using the instrument tune software selecting multiply charged ions for peptides and proteins and a background ion for small molecule samples using electrospray ionization. Mass spectra were acquired using 1 s acquisitions (100,000 mass resolution, 50% full width at half height at m/z 200). A Spectra Physics (Santa Clara, CA, USA) VSL-337ND-S laser was used for the LSII analyses.
Sample Preparation Methods for MAI-MS
For the matrices 2,5-DHAP, bronopol, and 1,2-DCB, a saturated solution was prepared in 1:1 acetonitrile: water. For 3-NB N, a sat ur ated solution was prepar ed i n 7:3 acetonitrile:water because of the poor solubility in water. These solutions, without analyte, were used as blanks. For the additive studies, each ammonium salt was dissolved initially in water, and each subsequent dilution used the solvent system for each matrix noted above. The final concentration was 100 ppm ammonium salt in the appropriate saturated matrix solution. The stock analyte solution prepared in 1:1 acetonitrile: water was added to the saturated matrix and saturated matrix/100 ppm ammonium salt solutions to make the desired analyte concentration.
Sample Introduction Method
One microliter of the final solution containing the analyte and its specified matrix with and without ammonium salt was deposited onto a glass microscope slide (Gold Seal, Portsmouth, NH, USA). For best results, the deposited solution should not spread once applied to the slide. Wiping the glass slide with a water-wetted Kimwipe (Kimtech Science, Roswell, GA, USA) reduces the propensity for the solution to spread. Once the solvent is completely evaporated at room temperature and pressure, the dried matrix/analyte mixture is gently tapped directly against the inlet aperture of the Orbitrap Exactive.
For experiments involving a prototype MAI source (MSTM, Newark, DE, USA), 1 μL of the sample mixture, using 3-NBN as matrix, was deposited directly on the tip of a 10 μL Hamilton syringe and allowed to dry. The stage holding the syringe is adjusted to allow the syringe barrel to slide into the inlet tube to a distance of about 5 mm. Analyte ions are observed as soon as the sample enters the inlet tube. Alternative means tested for transferring the solid matrix to the inlet include laser ablation of the sample from a glass slide using a nitrogen laser, scraping the dried crystals from a glass or metal plate with a needle loop and introducing the sample to the inlet, and direct introduction of dried crystal directly from a pipette tip. The dried 2,5-DHAP, 1,2-DCB, and 3-NBN matrices are easily transferred into the mass spectrometer by tapping against the inlet aperture, but the dried bronopol matrix had to be loosened first from the glass slide. Bronopol is somewhat difficult to work with and it was found useful to place the wet matrix-spotted glass slide in a desiccator within a cool environment until the matrix/analyte solution was dry. Another method that helps initiate crystallization of bronopol is tapping the wet droplet on a glass slide with a spatula or needle during the drying process.
For the application studies, an HCQ standard was spiked directly into human urine and human saliva. The biological sample spiked with HCQ was diluted with the matrix or matrix/ ammonium salt solution 1:1 to a final concentration of 100 ppb HCQ.
Results and Discussion
Ammonium Salt Addition with Peptide and Protein Analytes
The matrices bronopol, 1,2-DCB, and 3-NBN produce multiply charged analyte ions with a room temperature inlet tube when the matrix/analyte sample is directly exposed to low pressure conditions [2, 3] . However, improved ion abundance is obtained using the Orbitrap Exactive for shorter duration when heat is applied to the inlet [18] . Inlet temperature above ca. 120°C on the Exactive for these matrices produces increased chemical background. A compromise inlet temperature of 75°C was therefore used to produce good ion abundance with low chemical background and a short duration over which ions are observed. On the other hand, 2,5-DHAP produces the maximum analyte ion abundance for a number of analytes at ca. 350°C. At this temperature, the chemical background is also more abundant than at lower inlet tube temperature. For example, background ions are only observed in low abundance at 150°C, 2× higher at 250°C, and 3-4× higher with the inlet tube at 350°C. Furthermore with 2,5-DHAP, ionization of the analyte is observed over a longer time at the lower temperatures and therefore more prone to analyte carryover with subsequent sample introduction.
For all four matrices, various ammonium salts and analytes were tested over a range of concentrations. The ammonium salts differed in anion ionic strength, pH when prepared in water, and volatility. The best results relative to high analyte ion abundance and low chemical background was achieved at ca. 100 ppm ammonium salt concentration. Higher ammonium salt concentrations gave no additional benefit, and above ca. 1000 ppm, analyte ion abundances decreased. Ammonium tartrate was used for the remainder of the studies because it consistently provided the best results. Ammonium tartrate is known for triboluminence [30] , a process proposed as a potential mechanism for charge separation in MAI [2] . Additionally, the addition of ammonium tartrate does not show anion adducts in the mass spectra, unlike some of the other ammonium salts tested.
The mass spectra of 75 fmol of bradykinin in solutions of each of the four matrices with and without ammonium tartrate are shown in Figure 1 . The matrix/analyte solutions (1 μL) were applied to glass microscope slides and dried before tapping the matrix/analyte crystals directly against the inlet aperture. The mass spectrum using 2,5-DHAP as matrix (Figure 1a-1) shows the singly and doubly protonated bradykinin molecular ions embedded within the chemical background. Sodium and potassium adducted analyte ions are more abundant than the protonated analyte under these conditions. However, 100 ppm ammonium tartrate added to the 2,5-DHAP matrix solution greatly suppresses the background ions so that the protonated analyte ions are the most abundant observed in the mass spectrum (Figure 1a-2) . Even though the signal-tochemical background is significantly improved by adding ammonium tartrate, the peptide ion abundances remain almost unchanged. The addition of ammonium salt therefore minimizes the ions from the chemical contamination observed using the 2,5-DHAP matrix at 350°C. Another advantage is that analyte carryover is reduced between acquisitions with the addition of ammonium salts compared with matrix alone. Other peptides and proteins provide similar results.
Applying 75 fmol of bradykinin prepared with the matrix bronopol and using an inlet temperature of 75°C provides comparable ion abundance of multiply charged analyte ions relative to 2,5-DHAP with the inlet at 350°C (Figure 1b) . Bronopol does not ionize chemical background efficiently even in the absence of ammonium salt, but some ions associated with polymer contamination are observed in the mass spectrum without ammonium salt addition (Figure 1b-1) . However, addition of ammonium tartrate (Figure 1b-2 ) not only reduces analyte carryover, which is frequently observed with bronopol, but improves ionization of the analyte 2-3× and reduces background ions.
The matrix 1,2-DCB provides more universal ionization than bronopol, similar to 2,5-DHAP. With 1,2-DCB, the ion abundance for 75 fmol of bradykinin using an inlet temperature of 75°C is greater than with either bronopol or 2,5-DHAP, but the abundances of the background ions are considerably larger than those of the peptide ions (Figure 1c-1) . Addition of ammonium tartrate to the peptide/matrix solution improves the analyte ion abundance 2-4×, removes sodium and potassium adducts, and reduces chemical background (Figure 1c-2) . Of the four matrices tested, the addition of ammonium salt to 1,2-DCB provides the largest signal-to-noise improvement for the analytes tested, and the greatest reduction of chemical noise. For bradykinin as well as other peptides and proteins, the ion abundance increased as much as 10× relative to that observed with 2,5-DHAP. However, the addition of ammonium tartate to 1,2-DCB also produces the largest variability of the analyte signal among the matrices studied. With this matrix containing ammonium salt, the highest ion count is observed with the first introduction of the sample by tapping against the inlet aperture. Little ion current is observed from rapid subsequent taps, even of fresh matrix/analyte. After a 1-2 min interval, the analyte ion abundance is restored. The matrix with ammonium tartrate added is possibly producing charge within the instrument, which slowly dissipates as the 1,2-DCB/ammonium salt matrix sublimes from critical surfaces. This phenomenon is not observed without the addition of ammonium salt.
Similar to 1,2-DCB, 3-NBN produces ca. 10× greater ion abundance ( Figure 1d ) compared with 2,5-DHAP; however, unlike 1,2-DCB, 3-NBN provides low background ion abundances, and the doubly charged bradykinin ion is the base peak in the spectrum even without ammonium salt (Figure 1d-1) .
When ammonium tartrate is added to the 3-NBN matrix/ analyte solution, the total abundance of the analyte ion improves by ca. 3-6× (Figure 1d-2) . In addition, 3-NBN with ammonium salt reduces the abundance of any minimal background ions as well as any sodium or potassium adducts. Even though the average ion abundance using 3-NBN with and without ammonium tartrate is slightly less than the optimum abundances observed with 1,2-DCB, 3-NBN provides more reproducible analyte ion abundances from each tap of the matrix/analyte against the inlet aperture.
This study indicates that 2,5-DHAP and 1,2-DCB ionize a wider variety of compound types, whereas bronopol, and especially 3-NBN, are more selective for compounds with basic functionality. Using 3-NBN with ammonium tartrate allows the doubly charged ions of angiotensin II and bradykinin to be The averaged mass spectra were obtained (1) without and (2) with 100 ppm ammonium tartrate added to the matrix solution detected above the chemical background at 500 amol deposited on the glass slide (Supplemental Figure S1 ).
For the protein ubiquitin using 3-NBN as matrix, ammonium salt addition provided >10× improvement in ion abundance and reduced sodium and potassium adducts. The detection limit improvement is demonstrated for ubiquitin depositing only 1 fmol in a 3-NBN/100 ppm ammonium tartrate solution onto the glass slide. Without ammonium salt addition, any ions associated with ubiquitin are hidden in the background noise (Supplemental Figure S2A ). With addition of ammonium tartrate, the multiply charged ubiquitin protonated molecular ions stand out from the background even at this low concentration (Supplemental Figure S2B ). Over a range of analyte concentrations, ammonium salt addition to 3-NBN also improves the mass spectra for insulin and lysozyme. The mass spectra for 0.5 pmol of insulin and lysozyme are shown in Supplemental Figure S3 .
Other ammonium salts provide similar results for the peptides or proteins tested in this study. The ammonium salt effect remains dependent on the matrix and the trends described above. Results from studies using 75 fmol angiotensin II and a wide range of ammonium salts are shown for the matrices 2,5-DHAP (Supplemental Figure S4 ) and 3-NBN (Supplemental Figure S5) .
Addition of Ammonium Salts using a MAI Prototype Source
Additional studies were performed to determine if ammonium salt addition is effective with alternative means of sample introduction. For this study, 1 μL solutions comprised of matrix/analyte and matrix/analyte/ammonium salt were individually deposited on the tip of a 10 μL syringe needle that is typically used with GC injections, and allowed to dry. The syringe fastened onto a MSTM prototype MAI source allows transport of the sample into the inlet (Figure 2a) . Using this approach, 75 fmol of angiotensin I without and with 100 ppm ammonium tartrate in the 3-NBN matrix solution was acquired one after the other in the same acquisition. The matrix/analyte mixture with ammonium salt has higher analyte ion abundance compared with no salt added as illustrated in Figure 2b . Figure 2c shows that in addition to the ca. 3× increase in ion abundance of the +3 charge state of angiotensin I, the chemical background is also reduced with ammonium salt (Figure 2c bottom) relative to no salt addition (Figure 2c top) . Additional modes of sample introductions have also been utilized, and in each case the addition of ammonium salt provides improved analyte sensitivity and/or improved signal-to-noise compared with no salt addition. The methods used include laser ablation of the sample from a glass slide (LSII), scraping and 
Characterization of Ammonium Salt Addition to Mixtures and Small Molecules
A mixture of a 75 fmol angiotensin I solution containing 5 ppm PEG in a saturated 2,5-DHAP solution was spotted on a glass slide in 1 μL increments, dried, and the mass spectra acquired by tapping the sample against the inlet heated to 350°C. Without the addition of ammonium salt, the singly and doubly charged PEG ions produce the most abundant peaks in the spectrum. The potassium adducts of PEG are the most abundant ions observed. Angiotensin I ions are present but of lower abundance and are embedded below the polymer ions (Figure 3a) . However, by using a matrix/analyte solution containing 100 ppm ammonium tartrate, the oligomer ion abundances are significantly reduced so that the multiply charged ions from the peptide become the most abundant ions (Figure 3b) . Similar results are obtained using bronopol as the matrix utilizing optimal sample preparation and instrument conditions for this matrix. With both selected matrices, the results show that compounds ionized exclusively by metal cation adduction are suppressed by addition of ammonium salt.
The effect of ammonium salt addition on the ionization of small molecules was also investigated. The mass spectrum of the drug HCQ at a concentration of 100 ppb (100 pg applied) was acquired using the 3-NBN matrix with (Figure 4a ) and without ( Figure 4b ) 100 ppm ammonium tartrate. An increase in ion abundance of ca. 5× was observed for both the singly and doubly charged HCQ ions with the addition of the ammonium salt. 3-NBN with ammonium salt enhanced the ion abundance of all compounds tested that have a basic functional group. However, compounds without basic functionality, such as progesterone at a concentration of 350 ppb (350 pg applied), produced more abundant molecular ions without ammonium salt addition, as shown for 3-NBN ( Figure 4c ) compared with salt addition (Figure 4d) . In all cases, the [M + H] + ion is observed.
Ammonium salts are also effective for the detection of peptides in protein digest samples. For instance, 100 fmol of BSA digest prepared in a saturated 3-NBN solution ionizes fewer peptides without (Supplemental Figure S6A ) than with the addition of 100 ppm ammonium tartrate (Supplemental Figure S6B ). The peptide ion abundances increase by 3-5× with ammonium salt addition. Thus, MAI potentially provides a rapid method for protein fingerprinting and can be used with mass spectrometers having high mass resolution or ion mobility to aid protein characterization.
The drug HCQ was also spiked in saliva at a concentration of 100 ppb. The addition of 100 ppm ammonium tartrate to the 3-NBN matrix/analyte mixture not only improves the signal to chemical background ratio, but also improves the singly and doubly charged ion abundances for this drug. Similar results were obtained for HCQ spiked in urine at a concentration of 100 ppb with and without ammonium tartrate ( Figure 5 ).
Conclusion
Ammonium salt addition to four MAI matrices enhanced the mass spectra for compounds with basic functionality, including drugs, peptides, and proteins by either suppressing the chemical background ions and/or increasing the ion abundance of the analyte. Using 3-NBN as matrix, peptides and small molecules with basic functionality produced an increase in analyte ion abundance of 2-6× with addition of 100 ppm ammonium tartrate, whereas ubiquitin provided >10× improvement. However, ammonium salt addition suppresses compounds without a basic functional group, whether they are protonated or ionized by metal cation adduction. 
